Introduction {#s1}
============

The conantokins are a diverse array of 17-27-amino acid residue peptides found in the venoms of marine snails of the genus *Conus* that aid the host in the capture of prey and enable their defense against predators \[[@B1]\]. The first conantokin identified, conantokin-G (ConG), was purified and characterized from *Conus geographus* \[[@B2]\]. Later a variety of conantokins, such as ConT \[[@B3]\] and ConR \[[@B4]\], were discovered and characterized from other hunting snail species. Notably, these peptides have multiple conserved *gamma*-carboxyglutamate (Gla) residues that are central to their biological activity, *viz*., selective inhibition of ion flow through the Glu/Gly co-agonized channels of the N-methyl-D-aspartate receptor (NMDAR) \[[@B2]\]. Additionally, the Gla residues give rise to a rigid conformation of the peptides, especially in the presence of divalent cations, which stabilizes an α-helical conformation of the conantokins, and allows for peptide dimerization \[[@B5]\]. However, the extent of α-helical conformation varies between these peptides. ConT assumes a high degree of α-helicity in the metal-free (apo) state, whereas ConG adopts a random conformation in absence of divalent ions \[[@B6],[@B7]\]. However, ConG binds to divalent cations to generate an α-helical structure comparable to apo- or metal-bound ConT \[[@B8]\].

Since the first conantokin was reported over two decades ago, these peptides have generated interest as selective antagonists of the NMDAR. The Glu/Gly co-activated NMDAR is a voltage- and ligand-gated ion channel, which plays an important role in excitatory synaptic transmission, with ramifications in plasticity, learning, and memory. The functional NMDAR of the Central Nervous System (CNS) is a heterotetramer composed of two classes of subunits. The Gly-binding GluN1 subunit is ubiquitously expressed and belongs to one of its eight splice variants, GluN1a-GluN1h. This co-assembles with a Glu binding GluN2 subunit, the expression of which varies spatially and temporally \[[@B9]\]. The GluN2 family consists of four different subunits, GluN2A-GluN2D, encoded by separate genes \[[@B10]\]. The exact subunit composition of the NMDAR determines differences in binding of agonists and antagonists \[[@B11]\]. Although NMDARs are essential for mediating development and normal synaptic transmission, they are excessively activated in many neuropathologies \[[@B12],[@B13]\]. For example, reports have demonstrated the involvement of the GluN2B subunit of an NMDAR subset in Huntington's disease \[[@B14]\], epileptogenesis \[[@B15]\], and opiate addiction \[[@B16]\], among others. Therefore, GluN2B-specific antagonistic activity is a much-sought property as neuroprotective drugs, as opposed to less desirable high affinity NMDAR ion channel blockers \[[@B17]\]. Toward this end, the GluN2B-specificity of ConG has been exploited as an anti-convulsive and an analgesic agent \[[@B18],[@B19]\], as well as a neuroprotective agent for post-ischemic injury \[[@B20],[@B21]\].

Recently, other conantokins were discovered in the venom of the Indo-Pacific fish hunting cone snail, *C. parius*. These peptides, identified as ConPr1, ConPr2, and ConPr3, differ in several residues from other Gla-containing conantokins previously reported, such as the absence of Gla at position 3, and the presence of three different post-translational modifications in ConPr3, *viz*., Gla residues, a hydroxyproline residue at position 3, and C-terminal amidation \[[@B22]\]. Despite these differences, these peptides exhibited high inhibitory potency for GluN2B-containing NMDARs, which were transfected into *Xenopus* oocytes \[[@B22]\]. However, the specificities and efficacies of these peptides, and their effects on signaling downstream of the NMDAR, were not tested in physiologically-relevant neuronal cells that contain a complex system of dynamic receptors. In the past, we have documented that the inhibition by ConG, ConT, and ConR of NMDA/Gly-stimulated intracellular Ca^2+^ (iCa^2+^) influx affected downstream activation of the transcription factor, cAMP response element-binding protein (CREB) at Ser^133^, a property that depended on neuron maturity \[[@B23]\].

In the current study, the *ex vivo* biological activity of this new family of peptides has been evaluated by performing whole cell patch clamp current recordings in mature primary neurons derived from wild-type (WT), GluN2A^-/-^, and GluN2B^-/-^ mouse cortices, and those from the rat hippocampus. Selectivity towards NMDAR subunits was measured through real-time changes in iCa^2+^. Since Ca^2+^ influx is directly linked to downstream signaling activities, this study also afforded an understanding of the effects of these particular peptides on CREB signaling.

Materials and Methods {#s2}
=====================

Animal studies {#s2.1}
--------------

Control C57Bl/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). The previously described GluN2A^-/-^ mice \[[@B24]\] were provided by Dr. Gary Westbrook, Oregon Health and Science University. GluN2B^-/-^ mice \[[@B25]\] were obtained from National Institutes of Health/National Institute of Alcohol Abuse and Alcoholism. Both, GluN2A^-/-^ and GluN2B^-/-^ mice were fully backcrossed in the C57Bl/6 background.

Sprague-Dawley rats and mice of breeding age (at least 8 weeks of age), with timed pregnancies of 17.5-18.5 days gestation, were used for these studies. At this time, the individual was placed in a CO~2~ chamber with a flow rate set to displace 16% of the cage volume/min. The gas was administered until asphyxiation occurred. The animal was then decapitated and fetuses immediately removed under sterile conditions. The head of each fetus was severed and placed into Hibernate E medium (BrainBits, Life Technologies, Springfield, IL). The brains were excised and the hippocampus region (rat) or cortical region (mouse) was isolated and processed for obtaining neuronal cultures (University of Notre Dame IACUC approved protocol 14-086).

Conantokin synthesis {#s2.2}
--------------------

The following conantokins were chemically synthesized as described earlier \[[@B8]\], where γ refers to γ-carboxyglutamate:

1.  ConPr1: GEDγYAγGIRγYQLIHGKI

2.  ConPr2: DEOγYAγAIRγYQLKYGKI

3.  ConPr3: GEOγVAKWAγGLRγKASSN-CONH~2~

Scrambled peptide: GIKAQRDILYYγGγGγEHI-CONH~2~. This scrambled peptide, based on the sequence of ConPr1, was designed using an online scrambled peptide generator program ([[www.mimotopes.com]{.ul}](http://www.mimotopes.com), Mimotopes, Clayton, Victoria, Australia) and was employed in this work as a negative control.

The conantokins were synthesized using standard N-(9-fluorenyl)methoxycarbonyl (Fmoc)-protected amino acids (Novabiochem, La Jolla, CA) by solid phase peptide synthesis using a Model 433A Applied Biosystems peptide synthesizer (Foster City, CA). The standard 0.1 mmol scale of synthesis was carried out, wherein a 10X excess of amino acids and a 5X excess of Fmoc-di(tBu)-Gla was used \[[@B26]\]. After synthesis, the peptide was cleaved from the resin by treatment with 10 ml of a mixture of trifluoroacetic acid/triisopropylsilane/dithiothreitol/water (88:2:5:5 volume ratios) with gentle stirring for 3 hr. The mixture was filtered and reduced to a constant volume. Ice-cold diethyl ether (40 ml) was added to facilitate precipitation. The lyophilized crude peptide was dissolved in 5 ml water and filtered though a Sephadex G-15 (Sigma, St. Louis, MO) column, using 0.1% acetic acid or NH~4~OH as running solutions depending on the pI of the peptide. The purities of the peptides were determined by analytical HPLC (Beckman Coulter, Brea, CA) using a Vydac C18 analytical column (Resolution Systems, Holland, MI), as well as by MALDI-TOF (Bruker Daltonics, Fremont, CA). If required, further purification of the conantokins was carried out by ion exchange chromatography.

Circular dichroism (CD) {#s2.3}
-----------------------

CD spectra were recorded on an AVIV (Lakewood, NJ) 202SF spectrometer. Spectral measurements were obtained at room temperature in a 0.1 cm path length quartz cuvette at a wavelength range of 200-250 nm. Scans were collected at 1.0 nm intervals at a 1.0 nm bandwidth. MgCl~2~ (2 mM) was added and allowed to equilibrate with the peptide for 2 hr. The molar ellipticity (θ, radians) was calculated from; θ = \[100 × (ΔA~222nm~)/(*n*--1) × *L* × (90 µM peptide)\] where *n* = number of residues in the peptide; *L* = path-length of the cuvette in cm; and ΔA~222nm~ is the CD signal (mdeg at 222 nm). 

Cell cultures of dissociated primary neurons {#s2.4}
--------------------------------------------

Primary rat hippocampal neuron cultures were prepared from embryonic day (ED)-18 Sprague-Dawley rat embryos as previously described \[[@B23]\]. Neuronal cultures prepared from such late stage embryos are known to yield a homogenous population of hippocampal pyramidal cells with low levels of contamination by glial cells \[[@B27]\].

Neurons were dissociated using 2 mg/ml papain and plated on 14 mm glass-bottom microwell dishes (Mat Tek, Ashland, MA) or 35 mm tissue culture-treated dishes (Corning Life Sciences, Lowell, MA) coated with poly-L-lysine in Neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with 2% B27 (Invitrogen)/1% L-Glu. Cell cultures were maintained at 37° C in a humidified atmosphere with 5% CO~2~. Cortical neurons were dissociated with 1 mg/ml papain from ED-18 embryos of WT, GluN2A^-/-^, and GluN2B^-/-^ mice. To obtain GluN2B^-/-^ embryos, mice heterozygous for the GluN2B allele were bred and embryos at ED-18 were harvested and genotyped for the double GluN2B^-/-^ alleles. GluN2B^-/-^ embryos were used for neuron culture.

Calcium imaging {#s2.5}
---------------

Rat hippocampal and mouse cortical neurons were seeded at a density of 2.5 x 10^5^ cells/ml on poly-L-lysine-coated 14 mm glass-bottom microwell dishes (Mat Tek), washed 3X with ACSF (artificial cerebrospinal fluid: 140 mM NaCl/5 mM KCl/2 mM CaCl~2~/10 mM HEPES/24 mM glucose, pH 7.2), and incubated with 1 μM fura-2-acetoxymethyl ester (Fura-2/AM, Invitrogen) at room temperature for 30 min. After this time, the cells were washed 3X with ACSF and the neurons were incubated for 15--30 min in the same solution to allow de-esterification of intracellular AM esters. The dish was mounted onto an imaging chamber and placed on the stage of a Nikon Eclipse TE 2000-S microscope (Nikon Instruments, Melville, NY). Neuron bodies were marked as regions of interest using the tool of the NIS-Elements AR 3.0 software program (Nikon). Application of ACSF, or stimulation with 50 μM NMDA/10 μM Gly ± conantokin, was performed using a ValveBankII perfusion system (AutoMate Scientific, Berkeley, CA) at a manually controlled flow rate of 1 ml/min. The neurons were exposed to alternating 340 nm and 380 nm light from a xenon lamp *via* a shutter (Sutter Instruments, Novato, CA). The resulting images were captured with a Cascade II 512 camera (Photometrics, Tucson, AZ) and acquired at 2 sec intervals for 60 sec before stimulation to obtain a steady baseline. Next, the neurons were stimulated with 50 μM NMDA/10 μM Gly until a plateau in signal was reached. After this, the cells were washed with ACSF, then preincubated with either 5 or 10 μM ConPr1, ConPr2, or ConPr3 for 3 min, and subsequently re-stimulated with 50 μM NMDA/10 μM Gly. Control experiments were performed wherein neurons were re-stimulated with a mixture of 50 μM NMDA/10 μM Gly with either 5 μM scrambled peptide, 60 nM NVP-AAM077 (Gift from Y.P. Auberson, Novartis, Basel, Switzerland), 400 nM NVP-AAM077, or 3 μM ifenprodil. Ratiometric traces were generated using NIS-Elements software. The iCa^2+^ influx stimulated by NMDA/Gly, before and after pre-incubation with conantokins, was calculated by subtracting the basal value from the peak value and plotted as increase above basal Ca^2+^ levels. Changes in iCa^2+^ responses induced by NMDA/Gly alone were then compared to responses elicited by NMDA/Gly after the neurons were exposed to conantokins. These changes in iCa^2+^ levels were reported as mean ± S.E.M from at least three independent sample sets for conantokins and the control experiments were performed on one or two independent sample sets of rat hippocampal neurons, where the data reported are an average of at least 8 neurons.

Electrophysiology {#s2.6}
-----------------

Whole-cell patch clamp electrophysiological recordings of neurons at days-in-vitro (DIV) 13-20 were performed at room temperature. For these recordings, neurons were bathed in an extracellular solution composed of 140 mM NaCl/3 mM KCl/2 mM CaCl~2~/10 mM Na-HEPES/1.0 μM tetrodotoxin (TTX; Sigma-Aldrich, St. Louis, MO)/20 mM dextrose, pH 7.35. Borosilicate glass recording pipettes (Drummond Scientific, Broomall, PA), with a resistance of 2-4 MΩ, were constructed using a Flaming/Brown Micropipette Puller, Model P-97 (Sutter Instrument Company). Pipettes were back-filled with an intracellular solution of 140 mM CsF/2 mM CaCl~2~/10 mM EGTA/10 mM HEPES/2 mM tetraethylammonium chloride/4 mM Na~2~ATP, pH 7.35. The cells were visualized using a Nikon Eclipse TE200 microscope. The test solutions were applied using a nine-barrel Rapid Solution Changer, RSC-200 (Biologic, Claix, France/Molecular Kinetics, Pullman, WA). The extracellular solution, containing 100 μM NMDA/10 μM Gly/1 μM TTX/0.5 μM strychnine, was applied to the neurons for 3 sec to elicit NMDA-induced currents. The neurons were washed free of agonists with extracellular solution and then perfused with 2 μM of ConPr1, ConPr2, or ConPr3 for 5 min, after which the NMDA-induced currents were recorded again. For the controls, similar recordings were accomplished with 5 μM ConG and scrambled peptide for 3 and 5 min, respectively. An Axopatch-200B amplifier (Axon Instruments, Foster City, CA) was used to record the whole-cell current, low-pass filtered at 5 kHz by a built-in, eight-pole Bessel filter, digitized at 1 kHz sampling frequency using a Digidata 1322A signal conditioning amplifier (Axon Instruments). Cells were voltage-clamped at -70 mV, pH 7.35. pCLAMP-8 software (Axon Instruments, Sunnyvale, CA) was used to acquire data. Data were analyzed utilizing Clampfit and Prism Graph Pad.

Western blots {#s2.7}
-------------

At 15 hr prior to treatment with agonists or antagonists, one-half of the medium of DIV 16 rat hippocampal neurons was exchanged with fresh Neurobasal medium without the B27 supplement and 1 μM TTX was added to the culture. The neurons were then pretreated with 40 μM CNQX and 5 μM nifedipine for 20-30 min, then exposed to 5 μM ConPr1, ConPr2, or ConPr3, for 5 min, and finally stimulated with 50 μM NMDA for 5 min. After this step, cell lysates were obtained by first washing the neurons with PBS and then lysing the cells directly with 60 μl of SDS gel loading buffer. The fractionated samples were probed for phospho (P)-CREB (Ser^133^) using rabbit-anti-P-CREB (Cell Signaling Technology, Danvers, MA) and total CREB (loading control) using rabbit-anti-CREB (48H2, Cell Signaling Technology). The bands were visualized by chemiluminescence. Densitometric analyses of P-CREB (Ser^133^) and total-CREB were performed utilizing ImageJ program 1.46r (NIH, USA [[http://imagej.nih.gov/ij]{.ul}](http://imagej.nih.gov/ij)). The intensities of the bands were read as the areas under the density curve. The values obtained were used to calculate the ratio of P-CREB (Ser^133^)/CREB.

Murine neuronal cultures from WT, GluN2A^-/-^, and GluN2B^-/-^ genotypes harvested at DIV 15-18 were lysed and subjected to Western blot analysis to probe the expression of GluN1, GluN2A, GluN2B, and GluN2D. α-tubulin levels probed separately served as the loading controls. The 1° antibodies used were rabbit-anti-GluN1 (Cell Signaling Technology), rabbit-anti-GluN2B (Neuromab Antibodies, UC-Davis, CA), mouse-anti-GluN2A (BD Transduction, San Jose, CA), rabbit-anti-GluN2D (Sigma-Aldrich), and mouse-anti-α-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA). Corresponding HRP-conjugated 2° antibodies used were rabbit-anti-IgG (Cell Signaling Technology), mouse-anti-IgG, and mouse-anti-IgM (Santa Cruz Biotechnology). Western blots were developed using Clarity^TM^ Western ECL substrate (Bio-Rad, Hercules, CA) and the images were acquired using ChemiDoc^TM^ MP Imaging system from (Bio-Rad). The intensities of GluN2D and tubulin bands were measured as volume intensity using the Auto-Analysis tool of the Image Lab 4.1 software (Bio-Rad). The values obtained were used to calculate the ratio of GluN2D/tubulin.

Statistical analyses {#s2.8}
--------------------

All experiments were replicated at least 3X with independent samples unless otherwise specified and data are expressed as mean values ± S.E.M. Statistical analysis was performed using a two-tailed unpaired Student's t test with Excel software. Differences were considered significant at *p* \< 0.05.

Results {#s3}
=======

Structural characterization of ConPr1, ConPr2, and ConPr3 {#s3.1}
---------------------------------------------------------

Conantokins, *via* their highly conserved Gla residues, interact with divalent ions \[[@B28]\], such as Mg^2+^ and Ca^2+^. These interactions enable the peptides to adopt α-helical conformations \[[@B29]\]. The *C. parius*-derived conantokins synthesized in our laboratory were characterized qualitatively for α-helicity by CD spectroscopy, in the absence and presence of Mg^2+^, and compared to published data \[[@B22],[@B28],[@B30],[@B31]\]. The data revealed that ConPr1 and ConPr3 showed a Mg^2+^-dependent increase of α-helical character, as reflected by the negative increase in the molar ellipticity at 222 nm, to an extent trending toward that of Mg^2+^/ConG and apo- and divalent cation-loaded ConT ([Figure 1A](#pone-0081405-g001){ref-type="fig"}), each of which is known to exist as an end-to-end α-helix \[[@B5],[@B29],[@B30],[@B32],[@B33]\]. Since CD analytical algorithms would not likely be reliable for \~20 residue peptides, the α-helicity changes of ConPr1, ConPr2, and ConPr3, as a result of divalent cation binding, were calculated by taking the θ~222\ nm~ of apo-ConT and Mg^2+^-loaded ConG as reflecting 100% helicity, and calculating the relative amount of α-helix in the *C. parius* peptides by the ratio of their observed θ~222\ nm~ values to that of Mg^2+^/ConG. The values obtained are shown in the labeled curves of [Figure 1B-D](#pone-0081405-g001){ref-type="fig"}. From the data obtained, we conclude that modest increases in α-helicity are observed for ConPr1 and ConPr3, in the presence of Mg^2+^, with ConPr3 ([Figure 1D](#pone-0081405-g001){ref-type="fig"}) displaying the highest relative α-helical content of the *C. parius* conantokins in the presence of Mg^2+^. ConPr2 did not undergo a measureable alteration upon addition of Mg^2+^.

![Representative CD spectra of *C*. *parius*-derived conantokins.\
Scans from 200-250 nm of: (A) ConT or ConG ± MgCl~2~; (B) ConG or ConPr1 ± MgCl~2~; (C) ConG or ConPr2 ± MgCl~2~; (D) ConG or ConPr3 ± MgCl~2~. The peptide concentrations were 90 μM and the MgCl~2~ concentration was 2 mM, when present. The buffer was 10 mM HEPES, pH 7, at 25° C. Each curve represents an average of three scans and the percent helicity is determined as a percent of molar ellipticity of -22,081 deg cm^2^ dmol^-1^, which is observed for ConG + 2 mM MgCl~2~ and which represented 100% α-helicity of these classes of peptides.](pone.0081405.g001){#pone-0081405-g001}

Inhibition of NMDA induced currents by C. parius conantokins on rat hippocampal and mouse cortical neurons {#s3.2}
----------------------------------------------------------------------------------------------------------

The physiological role of NMDARs in the hippocampus and neocortex has been widely studied regarding the link between synaptic transmission and plasticity that these receptors elicit post-activation \[[@B34]\]. In order to evaluate the antagonistic effects of these conantokin peptides on NMDARs, and accurately demonstrate *in vivo* cellular responses, we utilized DIV 13-20 rat hippocampal and mouse cortical neurons. DIV 13-20 neurons are routinely utilized for studying NMDAR-mediated potentiation or signaling, since they express functional NMDARs. Previously, age-dependent sensitivity of NMDAR-mediated whole cell currents to subunit (GluN2B)-selective ifenprodil and ConG, and GluN2A-selective NVP-AAM077, have been utilized to characterize NMDAR subunits for DIV 12-19 neurons \[[@B23],[@B35],[@B36]\]. Simultaneous perfusion of ConPr peptides, along with NMDA, resulted in a slow onset rate of inhibition of the NMDA-induced currents. In order to avoid a longer period of NMDA stimulation, and any associated effects on the patched neuron, the NMDA responses were recorded before and after inhibitor perfusion. Rat hippocampal neurons were stimulated with NMDA/Gly for 3 sec. Significant inhibition was observed in both peak and steady-state currents when agonist stimulation was recorded after the neurons were perfused with ConPr1, ConPr2, and ConPr3 for 5 min ([Figure 2A-F](#pone-0081405-g002){ref-type="fig"}). Interestingly, a slightly slower desensitization time constant of the NMDARs was observed in the presence of conantokins (data not shown). To show the specificity of the *Conus* peptides towards inhibiting NMDAR-mediated currents, experiments were performed with a scrambled peptide of the same amino acid composition as ConPr1, which did not inhibit NMDA-evoked currents in rat hippocampal neurons ([Figure 2G](#pone-0081405-g002){ref-type="fig"}). The well-studied ConG, that robustly inhibits NMDAR-mediated currents, was used as a control peptide ([Figure 2H](#pone-0081405-g002){ref-type="fig"}).

![Inhibition of the NMDA/Gly-induced current by *C*. *parius*-derived conantokins in rat hippocampal neurons.\
Representative traces of the NMDA-induced currents using DIV 13-20 primary rat hippocampal neurons in the presence or absence of *C. parius* conantokins. (A) ConPr1. (B) ConPr2. (C) ConPr3. In each case, 2 μM solutions of antagonist peptides were perfused for 5 min. NMDAR currents were recorded before (black) and after (red) the conantokin perfusions. (D-F) The bar graphs represent the percentage inhibition observed for both peak and steady state (SS) components of NMDAR current for *C. parius* conantokins, (D) ConPr1, (E) ConPr2, (F) ConPr3. For control experiments, (G) 5 μM scrambled peptide (based on the composition of ConPr1) was perfused for 5 min, or (H) 5 μM ConG was perfused for 3 min. The data are averages of N = 7 separate neurons for ConPr1, N = 10 for ConPr2, N = 10 for ConPr3, and N = 3 for ConG and for the scrambled peptide.](pone.0081405.g002){#pone-0081405-g002}

The NMDAR is a heterotetrameric complex of NR1 and NR2 subunits \[[@B37]\]. Previous studies utilizing a heterologous NMDAR expression system in *Xenopus* oocytes have demonstrated that ConPr1, ConPr2, and ConPr3 inhibited Glu/Gly-evoked currents to the highest degree for receptors containing the GluN2B subunit in these cells \[[@B22]\]. Since this system is unrelated to neuronal cells with regard to interdependence of NMDAR subunit expression, we further examined the effects of an NMDAR subunit gene deletion on inhibition by the conantokins through comparison of the amplitudes of excitatory currents in cortical neurons from GluN2A^-/-^ and GluN2B^-/-^ mice. The currents measured after perfusion with 2 μM ConPr1, ConPr2, or ConPr3 for 5 min are reported as % inhibition of NMDA-mediated currents ([Figure 3A-C](#pone-0081405-g003){ref-type="fig"}). Total ablation of the GluN2B subunit resulted in almost no inhibition by any of the tested *C. parius* conantokins, indicating that the inhibitory activity of these peptides in brain cells is chiefly mediated by the GluN2B subunit in neurons. Although no significant differences in the inhibitory properties of ConPr2 or ConPr3 were observed between WT and GluN2A^-/-^ neurons (both \~40-50%), inhibition by ConPr1 was significantly more robust in GluN2A^-/-^ neurons (\~70%), compared to WT neurons (\~40%). This result cannot be explained by the higher levels of GluN2B subunit in age-matched GluN2A^-/-^ neurons, compared to WT neurons, since neurons from both the genotypes showed comparable levels of GluN2B and GluN1 subunits ([Figure 3D](#pone-0081405-g003){ref-type="fig"}). It has been shown that ConPr1 potently inhibited GluN2D-containing receptors in the heterologous *Xenopus* oocytes \[[@B22]\]. Thus, we compared the levels of GluN2D subunit in mature (DIV 15) WT, GluN2A^-/-^, and GluN2B^-/-^ neurons by immunoblot analyses. These NMDAR subunits were found to be present at similar levels in each of the cell lines ([Figure 3E](#pone-0081405-g003){ref-type="fig"}). Thus, the selective potency of ConPr1 for increased inhibition of GluN2A^-/-^ neurons cannot be explained by differences in either GluN2B or GluN2D levels. In this regard, it is possible that these peptides could demonstrate differential inhibitory properties towards the GluN2D subunit in a heterologous system that solely express the transfected receptor subunits, compared to neurons, which express a dynamic range of different subunit combinations. However, our data regarding GluN2B-selectivity of ConPr1, ConPr2, and ConPr3 in neurons are consistent with published findings with recombinant receptors in cells \[[@B22]\], an important advance in knowledge in a more pathophysiological setting.

![Lack of inhibition of NMDA-induced currents by *C*. *parius*-derived peptides in GluN2B^-/-^ mouse cortical neurons.\
DIV 13-20 primary cortical neurons from WT, GluN2A^-/-^, and GluN2B^-/-^ mouse brains were utilized to observe inhibition of NMDA-induced currents. (A) ConPr1. (B) ConPr2. (C) ConPr3. The percent inhibition of NMDAR currents in the absence of conantokins is plotted. The antagonist conantokins (2 μM) were perfused for 5 min and NMDAR currents were recorded before and after the perfusion. Data were obtained from at least three independent recordings for each genotype. (D) Western blot of neuronal cell lysates probed with anti-GluN1, anti-GluN2B, or anti-GluN2A. The lysates were also probed for α-tubulin, shown in lower panel, as loading controls. (E) Representative Western blot and densitometric analysis of WT, GluN2A^-/-^, and GluN2B^-/-^ cells probed with anti-GluN2D. α-tubulin is the loading control. The bar graph display the means ± SEM of 3 independent experiments. \**p* \< 0.05 for comparison between GluN2B^-/-^ and WT neurons, \#p \< 0.05 between GluN2A^-/-^ and WT neurons, *\^p* \< 0.05 between GluN2A^-/-^ and GluN2B^-/-^ neurons.](pone.0081405.g003){#pone-0081405-g003}

The effect of C. *parius*-derived conantokins on iCa^2+^ levels in hippocampal and cortical neurons {#s3.3}
---------------------------------------------------------------------------------------------------

The NMDAR is relieved of its Mg^2+^ block during membrane depolarization as a consequence of Glu/Gly co-agonism \[[@B38]\]. This results in Ca^2+^ influx through activated NMDAR channels that can serve as either a signal for promoting survival or for promoting cell death \[[@B39],[@B40]\]. In light of the importance of blockage of the NMDAR under pathological conditions, the effects of ConPr1, ConPr2, and ConPr3 were tested on NMDA/Gly-mediated Ca^2+^ influx into mature neurons. A robust increase in iCa^2+^ was observed upon stimulation of DIV 13-15 primary rat hippocampal neurons with 50 μM NMDA/10 μM Gly ([Figure 4A](#pone-0081405-g004){ref-type="fig"}). *In vivo* biological activity studies performed in mice suggests slower inhibitory properties for *C. parius*-conantokins in comparison to ConG \[[@B22]\]. Our initial control experiments were carried out using varying concentrations (5 μM, 10 μM, and 20 μM) of the *Conus* peptides, with pre-incubation times of either 1 or 3 min. It was observed that pre-incubation of 5 μM peptide for 3 min prior to a second application of co-agonist solution showed optimum inhibition without saturation. Representative traces, shown only for ConPr3, demonstrated that iCa^2+^ influx was significantly reduced after treatment with the antagonist ([Figures 4A](#pone-0081405-g004){ref-type="fig"}, [5A](#pone-0081405-g005){ref-type="fig"}). Similar data were obtained with ConPr1 and ConPr2 ([Figure 5A](#pone-0081405-g005){ref-type="fig"}). The presence of the scrambled analog of ConPr1 (5 μM) did not result in any decrease in iCa^2+^ levels ([Figure 5E](#pone-0081405-g005){ref-type="fig"}), thus further demonstrating the specific inhibition of the NMDARs by these *C. parius* peptides. Additional controls that were included to study inhibition of iCa^2+^ influx consisted of the known GluN2A-specific antagonist NVP-AAM007 (at low concentrations) and GluN2B-specific antagonist, ifenprodil in rat hippocampal neurons. Compared to iCa^2+^ inhibition by ConPr1 (75%), ConPr2 (75%), and ConPr3 (63%); inhibition by 60 nM NVP-AAM007 that specifically inhibits the GluN2A subunit \[[@B41]\], was 46%. When 400 nM of NVP-AAM007 was used, which renders this agent non-subunit specific \[[@B41]\], inhibition of iCa^2+^ influx was increased (64%) to almost that observed by the *C. parius* peptides. Similar levels (64%) of inhibition of iCa^2+^ influx were observed by 3 μM ifenprodil ([Figure 5E](#pone-0081405-g005){ref-type="fig"}). These data suggest that robust inhibition of iCa^2+^ influx is best mediated by antagonism of the GluN2B subunit. To further determine the GluN2-subunit selectivity of these conantokins, iCa^2+^ levels were measured in DIV 12-15 GluN2A^-/-^ and GluN2B^-/-^ mouse cortical neurons, and compared to DIV 12-15 WT neurons ([Figure 4B-D](#pone-0081405-g004){ref-type="fig"}). It was observed that GluN2A^-/-^ neurons showed maximum inhibition of iCa^2+^ influx after treatment with 5 μM ConPr1 (91%), ConPr2 (82%), and ConPr3 (82%) for 3 min, when compared to WT neurons \[ConPr1 (72%), ConPr2 (50%), ConPr3 (85%)\], or GluN2B^-/-^ neurons \[ConPr1 (61%), ConPr2 (60%), ConPr3 (56%)\] ([Figure 5B-D](#pone-0081405-g005){ref-type="fig"}). From these data, we conclude that inhibition of iCa^2+^ influx by the *C. parius* peptides was not as robust in GluN2B^-/-^ neurons as in GluN2A^-/-^ neurons, indicating the GluN2B-specificity of this class of peptides.

![Representative traces of the effect of ConPr3 on NMDA/Gly-dependent Ca^2+^ influx in neurons.\
(A) DIV 12-15 rat hippocampal neurons. (B) WT mouse cortical neurons. (C) GluN2A^-/-^ mouse cortical neurons. (D) GluN2B^-/-^ mouse cortical neurons. The cells were first stimulated with 50 μM NMDA/10 μM glycine, then freed of coagonists by washing with ACSF buffer. Lastly, the neurons were treated with 5 μM ConPr3 for 3 min. The neurons were then again stimulated with 50 μM NMDA/10 μM Gly to determine the extent of inhibition of Ca^2+^ influx. Changes in iCa^2+^ were monitored by changes in the fluorescence (FI) ratio at 340/380 nm.](pone.0081405.g004){#pone-0081405-g004}

![ConPr1 inhibited Ca^2+^ influx into cultured neurons most robustly in GluN2A^-/-^ cortical neurons.\
(A) Inhibition of NMDA/Gly-dependent Ca^2+^ influx in DIV 12-15 rat hippocampal neurons. (B) DIV 12-15 WT mouse cortical neurons. (C) DIV 12-15 mouse GluN2A^-/-^ cortical neurons. (D) DIV 12-15 mouse GluN2B^-/-^ cortical neurons, after exposure to 5 μM ConPr1, ConPr2, or ConPr3 for 3 min and then re-stimulation with 50 μM NMDA/10 μM glycine. (E) Effect of 5 μM scrambled peptide (N = 8), 60 nM NVP-AAM077 (NVP) (N = 15), 400 nM NVP-AAM077 (NVP) (N = 15), and 3 μM ifenprodil (N = 8) on NMDA/Gly-dependent Ca^2+^ influx in DIV 12-15 rat hippocampal neurons. The bar graphs display mean ± S.E.M of 2-3 independent experiments performed using different batches of neurons and one batch of neurons (N = 8) for scrambled peptide. \**p* \< 0.05 for comparison between NMDA treated neurons and neurons pre-incubated with ConPr1, ConPr2, and ConPr3. For panel E, no significant differences were observed in \[iCa^2+^\] changes between neurons treated with NMDA alone and with neurons treated with NMDA/scrambled peptide. In panel E, \**p* \< 0.05 for pairwise comparisons between NMDA alone or NMDA/scrambled peptide and neurons treated with 60 nM NVP-AAM077, 400 nM NVP-AAM077, 3 μM ifenprodil.](pone.0081405.g005){#pone-0081405-g005}

Effects of conantokins on CREB phosphorylation {#s3.4}
----------------------------------------------

A change in iCa^2+^ *via* influx through NMDAR channels modifies a number of downstream signaling events that are involved in synaptic plasticity and survival \[[@B39],[@B40],[@B42]\]. In particular, phosphorylation of CREB protein (P-CREB) at Ser^133^ is central in formation of long-term synapses and transcription of genes that promote neuron survival \[[@B43],[@B44]\]. We previously reported that ConG, ConT, and ConR affects NMDA/Gly-mediated phosphorylation of CREB of neurons in a development-dependent manner \[[@B23]\]. However, for the current study, mature rat hippocampal neurons at DIV 16 were utilized to evaluate the effects of *C. parius* peptides on CREB phosphorylation. Neurons at DIV 16 were treated with 20 μM of each conantokin for 5 min, stimulated with NMDA/Gly, and then immunoblotted for P-CREB(Ser^133^) levels. It was observed that these conantokins inhibited phosphorylation of CREB at Ser^133^ by 64% (ConPr1), 61% (ConPr2), and 59% (ConPr3) ([Figure 6A,B](#pone-0081405-g006){ref-type="fig"}). This indicates that while the antagonist function of these peptides on the NMDAR diminishes iCa^2+^ influx, they do not completely eliminate the CREB signaling pathway that is essential for neuronal maintenance.

![*Conus* *parius*-derived conantokins diminished NMDA/Gly-stimulated P-CREB levels in neurons.\
(A) Representative Western blot of cultured rat hippocampal neurons at DIV 16 that were not stimulated (control), stimulated with 50 μM NMDA, or pre-incubated with 5 μM ConPr1, ConPr2, or ConPr3 for 5 min, and then stimulated with 50 μM NMDA for 5 min. Total cell lysates were obtained and immunoblotted for P-CREB and total CREB (T-CREB). α-tubulin was probed as loading control. (B) Densitometric analysis of the blots representing the ratios of P-CREB/T-CREB in the samples.](pone.0081405.g006){#pone-0081405-g006}

Discussion and Conclusions {#s4}
==========================

To date, conantokins from a variety of cone snail species have been studied with respect to their structural and inhibitory properties of neuronal ion channels. Special emphasis has been placed on understanding of the differential selectivity towards specific GluN subunits, especially GluN2B, and subsequent downstream signaling events. In this study, we have utilized neurons from rat hippocampus, and cortical neurons from WT, GluN2A^-/-^, and GluN2B^-/-^ mice to evaluate inhibitory and signaling properties of the *C. parius* peptides.

Conantokins, with an optimum distribution of Gla residues, facilitate their binding to divalent ions, resulting in α-helical structures capable of dimerization. The lack of a defined structure in apo-ConG, and similar peptides, has been attributed to i, i+4, i+7, and/or i+11 spacing of Gla residues, with consequent charge repulsion \[[@B5]\]. However, this same spacing also allows for divalent cation binding and consequent adoption of an end-to-end helical peptide \[[@B31]-[@B33]\]. The percent helicity values for the *C. parius* family of conantokins have been reported relative to θ~222~ value of Mg^2+^/ConG, taken as a standard for 100% helix in these closely related peptides. This comparison to well-established structures of ConG, that represents full (Mg^2+^/ConG) or no (apo-ConG) α-helix values, enabled a relative quantitative assessment of the CD data. ConPr3, like ConT, contains a Lys at position 7, thus neutralizing the charge repulsion with Gla^4^, when Gla^7^ is present, as in ConG. This feature allows apo-ConPr3 to adopt a partial helical conformation, similarly to the case to ConT \[[@B6]\]. *C. parius* peptides also differ from ConG in the absence of a Gla residue at amino acid sequence position-3, with ConPr1 displaying an Asp residue at that location, and ConPr2 and ConPr3 containing a 4-trans-hydroxyproline residue at sequence position-3. The Gla^3^ in ConG also contributes to charge repulsion and opening of its apo-conformation, and likely explains its comparatively low α-helicity found in the metal-free form. The physiological or pharmacological role of divalent cations and the α-helical conformation of the conantokin class of peptides are still ambiguous. Earlier research has shown, that both ConG and ConR required divalent cation binding to promote stability of the α-helical structure, whereas, ConT is able to form a stable α-helical structure in the presence or absence of divalent cations \[[@B7],[@B33]\]. It has been suggested that while in peptides, like ConT, divalent cation binding may not be required for structural stability, divalent cations may bind to the Gla side-chains contributing towards the neuroactivities of these peptides in combination with receptors \[[@B7]\].

The differential NMDAR subunit selectivity of the conantokins reported herein have been determined from patch clamp experiments on *Xenopus* oocytes or HEK293 cells co-expressing GluN1 and the GluN2 subunits of interest \[[@B22],[@B45]-[@B47]\], cells that are not native to the receptors. This could certainly affect the properties of NMDAR subunits in such non-natural environments. Our laboratory has recently reported the inhibitory effects of ConG, ConT, and ConR on developing rat hippocampal neurons \[[@B23]\]. In the current study, we have utilized rat hippocampal neurons and mouse cortical neurons for electrophysiology and ratiometric Ca^2+^ imaging experiments to further define the antagonistic properties of ConPr1, ConPr2, and ConPr3. The NMDA/Gly-stimulated current in the presence of *C. parius* conantokins directly correlates with inhibition of NMDA/Gly-mediated Ca^2+^ influx through NMDAR channels, whereas control experiments with scrambled peptide derived from ConPr1 shows no such inhibitory activity ([Figures 2I](#pone-0081405-g002){ref-type="fig"}, [5E](#pone-0081405-g005){ref-type="fig"}). Utilization of GluN2A^-/-^ and GluN2B^-/-^ neurons demonstrated that the GluN2B subunit is critical for robust inhibition by the *C. parius* peptides in neurons. These findings suggest that GluN2B-mediated neuronal excitoxicity can be potentially mitigated by GluN2B-specific antagonists \[[@B42],[@B47],[@B48]\]. Total abrogation of the GluN2A subunit did not significantly affect the NMDA/Gly-induced current inhibition by ConPr2 or ConPr3, when compared to WT neurons. However, ConPr1 displayed increased inhibition of NMDAR current in the GluN2A^-/-^ neurons. Other structural features, such as the presence of Y^5^ in ConPr1 that increases its inhibitory potency towards GluN2B or GluN2D subunits, have previously been considered \[[@B22]\]. Thus, it is consistent that in the absence of the GluN2A subunit, ConPr1 demonstrated \~30% more potency towards the GluN2B or GluN2D subunits in the GluN2A^-/-^ neurons.

The role of transcription factor CREB in neuronal survival, neurogenesis, and synaptic plasticity is well documented \[[@B49]\]. Although, the *C. parius* peptides decreased iCa^2+^ levels by \~62% (average of inhibition of iCa^2+^ influx levels of ConPr1, -2, and -3 in rat hippocampal neurons), compared to ConG/T/R in age-matched neurons \[[@B23]\], the levels were sufficiently stimulated to act as a secondary messenger and allow phosphorylation of CREB. This suggests that the mechanism of action of the *C. parius* peptides from ConG/T/R may differ at the molecular level. Nonetheless, it is of significance to note that the antagonist function of ConPr1, ConPr2, or ConPr3 can sustain the Ca^2+^/P-CREB integration axis that is critical for regulating genes containing CRE elements and eventually neuronal survival \[[@B50]\].

In conclusion, our data have generated insights in natural cells regarding the mechanisms of the inhibitory properties of the *C. parius* conantokins that can serve as potential drug candidates against an overactive NMDAR in various neuropathologies. The differential selectivity for the GluN2B subunit by the *C. parius* peptides, along with ConG and ConRl-B \[[@B51]\], can be further explored, pharmacologically, in comparison to subunit-non-specific conantokins. Toward this end, a stapled (dicarba-bridged) ConG, that showed 100-fold greater potency for the GluN2B subunit and had potent anti-convulsant properties, has been synthesized and characterized \[[@B52]\]. Thus, biophysical and cellular characterization studies enable correlations of the structure-function relationships of conantokins, which may have applicability as pharmacological allosteric NMDAR ion channel blockers. Future directions include evaluating the neuroprotective potential of these set of conantokins, *in vivo* using stroke models in rodents.
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